Viral infection elicits the activation of numerous cellular signal transduction pathways, leading to the induction of both innate and adaptive immunity. Previously we showed that entry of virion particles from a diverse array of enveloped virus families was capable of eliciting an interferon regulatory factor 3 (IRF-3)-mediated antiviral state in human fibroblasts in the absence of interferon production. Here we show that extracellular regulated kinase 1/2, p38 mitogen-activated protein kinase, and Jun N-terminal kinase/stressactivated protein kinase activities are not required for antiviral state induction. In contrast, treatment of cells with LY294002, an inhibitor of the phosphoinositide 3-kinase (PI3 kinase) family, prevents the induction of interferon-stimulated gene 56 (ISG56) and an antiviral response upon entry of virus particles. However, the prototypic class I p85/p110 PI3 kinase and its downstream effector Akt/PKB are dispensable for ISG and antiviral state induction. Furthermore, DNA-PK and PAK1, LY294002-sensitive members of the PI3 kinase family shown previously to be involved in IRF-3 activation, are also dispensable for ISG and antiviral state induction. The LY294002 inhibitor fails to prevent IRF-3 homodimerization or nuclear translocation upon virus particle entry. Together, these data suggest that virus entry triggers an innate antiviral response that requires the activity of a novel PI3 kinase family member.
Viral infection elicits the induction of an innate immune response involving production of the soluble cytokine interferon (IFN), with the ultimate goal of protecting surrounding cells from being infected. The innate immune response plays an essential role in providing the first line of defense against invading pathogens. IFNs themselves do not directly cause an antiviral response in cells but instead induce numerous IFN-stimulated genes (ISGs) that collectively limit virus replication and spread (16) .
The production of IFN leading to the expression of ISGs is mediated by IFN regulatory factor 3 (IRF-3). IRF-3 is part of a growing family of transcription factors that regulate multiple aspects of host defense (58) . In eukaryotic cells, IRF-3 is constitutively expressed. During virus infection, IRF-3 is phosphorylated on serine residues in the carboxyl region by two recently identified members of the IB kinase (IKK)-related kinase family, IKKε and TANK-binding kinase 1 (TBK-1) (20, 56) . Phosphorylation of IRF-3 leads to its homodimerization, nuclear translocation, and association with other transcription factors like NFB, ATF-2/c-jun, and the coactivator CREBbinding protein to form a complex that binds to the IFN-␤ promoter (60) . IRF-3 can also directly bind to several DNAbinding motifs, including the IFN-stimulated response element, which is located in the promoter region of ISGs, indicating that IRF-3 also plays a role in the direct induction of ISGs in the absence of IFN production (23, 42) .
Although the main inducing element of IFN in response to both RNA and DNA viruses is thought to be double-stranded RNA (dsRNA), a by-product of virus replication, it is becoming clear that cells differentially recognize and respond to the various stages and by-products produced during a viral infection. For example, Toll-like receptors (TLRs) mediate IFN and/or proinflammatory cytokine responses following recognition of either virion components (e.g., glycoproteins) or nucleic acid components (dsRNA or CpG DNA) (reviewed in references 5, 7, 41, and 57). In addition, we and others have demonstrated that a subset of ISGs can be induced in response to the entry of a diverse range of enveloped virus particles (9, 13, 42, 46, 65) . Work with the human herpesviruses herpes simplex virus type 1 (HSV-1) and human cytomegalovirus (HCMV) has shown that this response requires both binding and penetration but is not reliant on the viral genome, its subsequent replication, or IFN production (6, 42, 45, 50) .
Viruses have the ability to modulate various signal transduction pathways, including the extracellular regulated kinase (ERK) 1/2 mitogen-activated protein kinase (MAPK), the p38 and Jun N-terminal kinase (JNK) stress-activated protein kinases (SAPK), and the phosphoinositide 3-kinase (PI3 kinase) pathways, to favor their replication. Historically, research has focused on how viruses alter these pathways during a productive lytic infection. HSV-1 has been shown to induce the stressactivated kinases JNK and p38 in a process requiring viral gene expression (25, 31, 38, 63, 64) . On the other hand, HCMV viral gene expression is required for sustained ERK 1/2 and p38 activation (10, 28, 51) . The PI3 kinase pathway has been implicated in mediating the entry of and viral replication of several viruses in cells, including adenovirus, HCMV, and HSV-1 (11, 30, 35) . HCMV particle binding and entry rapidly activate ERK 1/2 and PI3 kinase within 5 to 30 min postinfection (29, 30) . Not only are these pathways implicated in optimizing virus replication, but they are also involved in the innate immune response to the infection (reviewed in references 17 and 33).
The prototypic class I PI3 kinase (herein referred to as PI3K) is the most-studied member of this vast family. PI3K is a dimeric protein composed of the adaptor subunit p85 and the catalytic subunit p110. The lipid products of PI3K activation act as second messengers to promote the activity of numerous downstream effectors, including the well-studied serine/threonine kinase Akt/PKB (21) . Recently, Sarkar et al. showed that dsRNA-mediated phosphorylation of TLR-3 results in the activation of both TBK-1 and PI3K/Akt, leading to the induction of ISG56 (55) . Their data suggest that full activation of IRF-3 in response to dsRNA requires two phosphorylation events, the first dependent on TBK-1 and the second on PI3K (55) .
We are interested in identifying the signal transduction pathways that are activated following entry of the physical virus particle into a cell, prior to virus replication. Here we report that treatment of cells with the general PI3 kinase inhibitor LY294002 prevented the induction of ISG56 and a subsequent antiviral response without affecting dimerization or nuclear translocation of IRF-3 in human embryonic lung (HEL) fibroblasts upon entry of enveloped virus particles. The decrease in ISG56 mRNA and protein expression following LY294002 treatment was not due to inhibition of the prototypic PI3K or other LY294002-sensitive kinases implicated in IRF-3 activation. Taken together, these data imply the involvement of a novel kinase within the PI3 kinase family in the induction of an antiviral state in response to virus particle entry.
MATERIALS AND METHODS
Reagents. The inhibitors LY294002, U0126, SB202190, SP600125, and cycloheximide (Sigma) were reconstituted in dimethyl sulfoxide (DMSO). The concentration of LY294002 required to elicit a biological response varied from 25 to 50 M, depending on the particular batch and lot number. U0126, SB202190, SP600125, and cycloheximide were used at 10 M, 25 M, 25 M, and 50 g/ml, respectively. The properties of each inhibitor used in this study are listed in Table 1 . The dsRNA mimetic poly(I-C) (GE Healthcare) was reconstituted in phosphatebuffered saline (PBS) at a concentration of 5 mg/ml. Human IFN-␣ (Sigma) was reconstituted in PBS at a concentration of 1,000 IU/l. Human recombinant platelet-derived growth factor (PDGF; Oncogene Research Products) was reconstituted in PBS containing 0.1% bovine serum albumin (BSA) at a concentration of 50 ng/l.
Cell culture and virus infections. HEL fibroblasts and Vero cells were maintained in Dulbecco modified Eagle medium containing 10% and 5% fetal calf serum (FCS), respectively. A549 human epithelial cells were maintained in alpha minimum essential medium (MEM) containing 10% FCS. Primary DNA-PK catalytic subunit (DNA-PKcs) ϩ/Ϫ and DNA-PKcs Ϫ/Ϫ mouse embryonic fibroblasts (MEFs; generously provided by D. Chen) were maintained in alpha MEM containing 20% FCS. All cell lines were used between passages 2 and 18. HSV-1 (strain KOS) was propagated on Vero cells. HCMV (strain AD169; kindly provided by T. Compton) was propagated on HEL fibroblasts. Sendai virus (SeV; strain Cantell) was purchased from Charles River Laboratories. All herpesvirus infections were carried out in serum-free media at a multiplicity of infection (MOI) of 10 PFU/cell for 1 h at 37°C, unless otherwise specified. For SeV infections, 10 hemagglutinin units of virus were used per 10 6 cells. A vesicular stomatitis virus expressing green fluorescent protein (VSV-GFP; kindly provided by B. Lichty) was propagated on Vero cells and used in the VSV plaque reduction assays. For experiments with the U0126, SB202190, SP600125, and LY294002 inhibitors, HEL cells were grown to confluence and serum starved for 2 h. Cells were pretreated for 1 h with the indicated inhibitor prior to infection. In addition, the inhibitor was present for the duration of the experiment. UV inactivation of viruses was performed with a UV Stratalinker 2400 (Stratagene) for the length of time required to prevent viral gene expression as measured by indirect immunofluorescence. Standard plaque reduction assays with replicationcompetent VSV were performed as previously described (11) . Replication-deficient adenovirus constructs containing either a dominant negative form of the regulatory subunit of PI3K (Addnp85) (24, 54) or a kinase-dead mutant form of the p21-activated kinase (PAK; AdPAKK299R) (22) were diluted in PBS supplemented with 0.9 mM MgCl 2 and 0.5 mM CaCl 2 and allowed to adsorb to the cells for 30 min at room temperature, with the subsequent addition of Dulbecco modified Eagle medium and incubation at 37°C for 24 h.
Preparation of cell extracts. Whole-cell extracts were prepared by washing the cells twice and harvesting them in cold PBS, followed by centrifugation at 200 ϫ g for 5 min at 4°C. The cell pellets were resuspended in whole-cell extract buffer (20 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM ␤-glycerophosphate, 0.2% Triton X-100, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 2 mM dithiothreitol, 1ϫ protease inhibitor cocktail [Sigma] ) and lysed for 15 min on ice. The lysate was centrifuged at 13,000 ϫ g for 10 min at 4°C, and protein quantification was performed with the Bradford assay kit (Bio-Rad Laboratories).
Native protein extracts were prepared as previously described (55) . Briefly, nuclear or cytoplasm-enriched extracts were incubated with rehydration buffer containing 8 M urea, 2% (wt/vol) 3-([3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), and 20 mM dithiothreitol. The cytoplasmic and nuclear extracts were sonicated for 5 s, and debris was removed by centrifugation at 13,000 ϫ g for 10 min. Protein quantification was carried out with a 2-D Quant kit (GE Healthcare). Eight micrograms and 2 g of the cytoplasm-enriched and nuclear extracts, respectively, were separated on a 7.5% nondenaturing gel in a 25 mM Tris-HCl (pH 8.4)-192 mM glycine buffer with 0.2% deoxycholate in the cathode chamber.
Western blot analysis. Polyacrylamide gels were transferred onto polyvinylidene difluoride membranes (Millipore) with a semidry transfer apparatus at 400 mA for 1.5 h. All blots were blocked in 5% skim milk in Tris-buffered saline (TBS) at room temperature for 1 h. ERK 1/2 (Cell Signaling no. 9102), P-ERK 1/2 (Cell Signaling no. 9101), total Akt (Cell Signaling no. 9272), P-Akt (Ser473; Cell Signaling no. 9271), total p38 MAPK (Cell Signaling no. 9212), P-p38 MAPK (Cell Signaling no. 9211), total SAPK/JNK (Cell Signaling no. 9252), P-SAPK-JNK (Cell Signaling no. 9251), PI3K subunit p85 (Santa Cruz SC-1637), PAK (Santa Cruz SC-881), and anti-human IRF-3 (Immuno-Biological Laboratories Co. Ltd.) primary antibodies were all used at a dilution of 1:1,000 in 5% BSA in TBS-Tween (0.1%). The ISG56 (provided by G. Sen) and ␣-actin (Santa Cruz SC-1616) primary antibodies were used at a dilution of 1:1,000 in TBSTween (0.1%). The anti-ISG15 antibody (provided by E. Borden) was used at a dilution of 1:500 in TBS-Tween (0.1%). Secondary antibodies were conjugated to horseradish peroxidase and visualized by chemiluminescence.
RNA extraction and reverse transcription (RT)-PCR analysis. Total cellular RNA was obtained with Trizol reagent (Invitrogen) according to the manufacturer's protocols. Two micrograms of total RNA was reverse transcribed with 100 U of Superscript II (Invitrogen) in a total reaction volume of 20 l. A random hexamer primer was used to synthesize cDNA at 42°C for 50 min, followed by a 15-min incubation at 70°C. PCR was performed according to the manufacturer's specifications with previously described primer sets (13) .
Indirect and direct immunofluorescence. HEL fibroblasts were grown to semiconfluence on glass coverslips overnight. Cells were treated with the indicated a The 50% inhibitory concentrations shown for each inhibitor were previously determined by standard in vitro protein kinase assays under carefully controlled reaction conditions (2, 15) .
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stimuli, and at the indicated times postinfection, coverslips were washed twice with PBS and fixed in a solution of 4% paraformaldehyde in PBS. Cells were permeabilized in 0.1% Triton X-100 and then blocked in a solution of 3% BSA, 3% goat serum, and 0.02% Tween 20. Polyclonal anti-HSV-1 (DAKO no. B0114) or monoclonal anti-IE1/IE2 (Rumbaugh-Goodwin Institute no. 1203) primary antibodies were used at a dilution of 1:1,000 to detect expression of HSV-1 or HCMV proteins, respectively. A polyclonal anti-IRF-3 primary antibody (a generous gift from M. David) was used at a dilution of 1:5,000. Alexa Fluorconjugated anti-rabbit and anti-mouse secondary antibodies (Invitrogen) were used at a dilution of 1:500. Cells were also stained with the intercalating DNA dye Hoechst in order to determine the total number of cells in a field of view.
Images were captured on a Leica DM-IRE2 inverted microscope. The percentage of cells positive for HSV-1, HCMV, or nuclear IRF-3 was calculated from three independent experiments with a total of 12 random fields of view for each sample. A549 cells were grown to semiconfluence on glass coverslips. Cells were infected with AdE1/E3 or AdPAKK299R at an MOI of 50 PFU/cell for 24 h, washed twice in PBS, and fixed in a 4% solution of paraformaldehyde in PBS. Nuclei were then stained with Hoechst dye. Cells expressing the GFP-tagged AdPAKK299R constructs were visualized on a Leica DM-IRE2 inverted microscope to determine cellular morphology and infection efficiency.
Data analysis. Data were expressed as means Ϯ the standard error of the mean. Statistical analysis was performed with either a t test or a one-way analysis of variance with the Tukey test post hoc with Sigma Stat 2.03.
RESULTS
Activation of the ERK 1/2 and p38 MAPK pathways is not required for induction of ISG56. Signal transduction pathways exhibit complex cross talk with each other in mammalian cells. Since replicating viruses activate numerous signal transduction pathways that mediate innate and adaptive immune responses, we tested whether the activity of these pathways is required for the immediate-early induction of ISGs following enveloped virus particle entry. The U0126 inhibitor has been shown to specifically inhibit MEK 1/2 activity, preventing phosphorylation of its downstream effector, ERK 1/2 (Table 1) (19) . The SB202190 inhibitor, on the other hand, specifically inhibits p38 activity by preventing the transfer of the phosphate group from p38 to its downstream effector kinase(s) ( Table 1) (62), leading to retention of phosphorylated p38 in the presence of the SB202190 inhibitor. As a control for ERK 1/2 and p38 MAPK phosphorylation, cells were treated with FCS or UV irradiation, respectively. To ensure maintenance of U0126 and SB202190 inhibitor activity throughout the experimental procedure, the positive control was administered 30 min prior to sample harvest ( Fig. 1A and B, lanes 13 and 14) . Poly(I-C), HSV-UV, and HCMV-UV were able to stimulate accumulation of ISG56 mRNA to similar levels regardless of the phosphorylation state of ERK 1/2 or p38 MAPK (Fig. 1A and B) . These data suggest that activation of the ERK 1/2 and p38 MAPK pathways is not required for ISG56 induction in response to virus particle entry.
Inhibition of the JNK/SAPK and PI3 kinase pathways prevents induction of ISG56 in human fibroblast cells. Since it has previously been shown that herpesviruses activate the JNK/ SAPK and PI3 kinase pathways during infection (25, 30, 38, 63) , we determined whether activation of these pathways is necessary for the induction of ISG56 upon enveloped virus particle entry. As a control for JNK/SAPK and PI3K/Akt phosphorylation, cells were treated with UV irradiation or PDGF, respectively (Fig. 1C, lanes 13 and 14; see also Fig. 3, lanes 8,  16, and 24) . To ensure maintenance of inhibitor activity, the positive control was administered 30 min prior to sample harvest. Poly(I-C), HSV-UV, and HCMV-UV showed a marked decrease in the level of ISG56 mRNA in the presence of SP600125 (Fig. 1C) . In the presence of the LY294002 inhibitor, similar results were observed (Fig. 1D) . Consistent with previous reports (13), replication-deficient, nonenveloped adenovirus particles were unable to induce the accumulation of ISG56 mRNA (Fig. 1D) .
Inhibition of the PI3K pathway prevents the induction of an antiviral state in human fibroblasts. To confirm that the decrease in ISG56 mRNA accumulation correlated with the inability of the cells to induce an antiviral state, we performed a VSV plaque reduction assay as previously described (13) . In the absence of ERK 1/2, p38, and JNK MAPK activities, enveloped virions were still able to induce an antiviral state in human fibroblasts (Table 2 ). In the presence of the LY294002 inhibitor, however, poly(I-C) and HSV-UV were unable to elicit an antiviral state in human fibroblasts. Interestingly, in the presence of high-multiplicity HCMV-UV infection (MOI, Ͼ0.1 PFU/cell), which we found induces IFN production (data not shown), the effect of the LY294002 inhibitor was less apparent and was unable to prevent the induction of an antiviral state. Although ISG56 mRNA was barely detectable following infection with HCMV-UV at a low MOI (0.1 PFU/cell), induction of an antiviral response sufficient to prevent VSV replication was sporadic. Since an increase in the MOI to 0.5 PFU/ cell consistently induced an antiviral response whereas a decrease in the MOI to 0.05 PFU/cell failed to induce an antiviral response, we hypothesize that an MOI of 0.1 PFU/cell represents a threshold limit of virus capable of initiating an antiviral response.
Inhibition of the JNK/SAPK and PI3K pathways does not prevent entry and expression of HSV-1 and HCMV in human fibroblasts. Since HCMV and HSV entry is thought to require PI3K activity (30) and both binding and penetration of HSV-1 and HCMV virions are required for maximal ISG induction (45, 50), we tested whether the observed reduction of ISG56 upon inhibition of PI3 kinase and SAPK activity was due to a block in viral entry. Human fibroblasts were infected with replicating HSV-1 ( Fig. 2A) or HCMV (Fig. 2B) The prototypic class I PI3K signal transduction pathway is not involved in inhibition of the ISG56 protein. Although studies of virus-mediated PI3 kinase signaling almost exclusively focus on the prototypic class I PI3K, the LY294002 compound inhibits multiple PI3 kinase family members. To distinguish between PI3K and alternate PI3 kinase family members, fibroblasts were infected with an adenovirus expressing a dominant negative form of the PI3K p85 subunit (Addnp85) or an empty adenovirus (AdE1/E3) or treated with the LY294002 inhibitor (Fig. 3 ). Cells were then serum starved for 2 h prior to treatment with the indicated stimuli. Although Addnp85 and LY294002 were able to inhibit the phosphorylation of Akt in response to PDGF (Fig. 3, lanes 8, 16, and 24 only LY294002 was able to significantly reduce ISG56 protein production in response to poly(I-C) or virus particle entry. This reduction correlated with the absence of an antiviral state in cells pretreated with LY294002 but not Addnp85 (data not shown), with the exception of high-multiplicity HCMV infection, as noted in Fig. 1C . Moreover, although enveloped virions were able to elicit the transient phosphorylation of ERK1/2 at early times postentry (15 to 30 min), we failed to detect phosphorylation of Akt at any time postentry (data not shown). These data suggest that the prototypic PI3K enzyme is not involved in activating ISG56 in response to enveloped virus particle entry and instead suggests that an alternate member(s) of the PI3 kinase family is required.
DNA-PK and PAK, two protein kinases implicated in IRF-3 activation, are not essential for virus-mediated ISG induction.
Recently, two protein kinases, DNA-PK and PAK, were implicated in IRF-3 activation (18, 32) . The activities of both of these kinases are directly or indirectly blocked by inhibitors of PI3 kinase activity, including LY294002 (26, 47, 48) . Lowpassage, primary wild-type and DNA-PKcs Ϫ/Ϫ MEFs were treated with HSV for 6 h in the presence or absence of cycloheximide, RNA was harvested, and RT-PCR performed (Fig. 4) . Since low-passage, nonimmortalized MEFs secrete IFN in response to various stimuli, including virus particle entry (Fig. 4,  lanes 3 and 7) , ISG56 mRNA induction was assayed in the presence of cycloheximide to prevent de novo synthesis of IFN. In the absence of the catalytic subunit of DNA-PK, cells were able to express similar levels of ISG56 mRNA compared to wild-type MEFs (Fig. 4, compare lanes 4 and 8) , indicating that the catalytic activity of DNA-PK is not essential for the induction of ISG56 mRNA.
To investigate whether PAK activity was required for IRF-3-mediated ISG induction in response to the virion particles, we treated A549 epithelial cells with an adenovirus expressing a dominant-negative PAK construct (AdPAKK299R) tagged with GFP (Fig. 5A ). Since we have previously shown that A549 cells and HEL fibroblasts are able to induce ISG56 protein to similar levels following SeV particle entry (13), we used A549 in place of HEL fibroblasts due to their enhanced permissiveness to adenovirus infection. Cells expressing the dominant negative PAK construct were significantly larger compared to uninfected cells and contained numerous lamellipodia, indicative of PAK inhibition (Fig. 5B) (22) .
Cells preloaded with dominant negative PAK were treated with replicating and nonreplicating forms of SeV to investigate whether inhibition of PAK activity prevented induction of ISGs. At both 12 h and 24 h postinfection, protein extracts were harvested and Western blot analysis performed (Fig. 5C ). Upon overexpression of dominant negative PAK, the levels of both ISG15 and ISG56 remained similar in cells treated with FIG. 3 . The prototypic PI3 kinase, PI3K, and its downstream effector, Akt/PKB, are not essential for the induction of ISG56 protein in response to enveloped virus particles. HEL fibroblasts were preloaded with either AdE1/E3 or Addnp85 for 24 h. Cells were then serum starved for 2 h, including a 1-h pretreatment with LY294002 where applicable. After a further 24-h treatment, whole-cell extracts were harvested and Western blot analysis was performed. To ensure maintenance of inhibitor activity, 25 ng/ml of PDGF was added 30 min prior to harvest. Twenty-five micrograms of total protein was loaded onto a 7.5% sodium dodecyl sulfate-polyacrylamide gel. either SeV or SeV-UV, suggesting that PAK activity is not essential for the induction of ISGs in response to both replicating and nonreplicating enveloped virus particles.
The LY294002 inhibitor does not inhibit dimerization or nuclear localization of IRF-3 upon virus particle treatment. Given that the two LY294002-sensitive protein kinases DNA-PK and PAK, which have been implicated in IRF-3 activation, were shown to be nonessential for ISG induction in response to virion particles, we examined whether LY294002 inhibition had any effect on IRF-3 activation. We first investigated, by indirect immunofluorescence assay, whether the LY294002 inhibitor was capable of preventing nuclear translocation of IRF-3. HEL fibroblasts were treated with the LY294002 compound in combination with replication-deficient HSV-1 or HCMV. At various times postinfection, cells were fixed and stained with an antibody for IRF-3. As previously observed (13) , the level of nuclear translocation of endogenous IRF-3 was minimal following induction of an IFN-independent antiviral response (HSV-1, MOI of 10 PFU/cell [ Fig. 6A and  B] ; HCMV, MOI of 0.1 PFU/cell [data not shown]). Importantly, there was no difference in the amount of IRF-3 nuclear translocation when the LY294002 compound was present, indicating that the LY294002 inhibitor does not have an effect on the ability of IRF-3 to translocate to the nucleus upon virus particle stimulation. For enhanced detection, the experiment was repeated with elevated MOIs; results obtained with HCMV-UV (MOI, 10 PFU/cell) are outlined in Fig. 6C and D. Under these conditions, there was a significant increase in the number of cells that stained positive for nuclear IRF-3 at early times compared to the mock-treated sample. Interestingly, as the time course progressed, the number of nuclei positive for IRF-3 decreased significantly in the DMSO-treated samples compared to the LY294002-treated samples. One explanation is that LY294002 prevents virus-mediated IRF-3 degradation. However, consistent with previous observations (13), infection at low or high multiplicities with UV-inactivated HSV-1 or HCMV failed to affect the level of endogenous IRF-3 in whole-cell extracts as determined by standard denaturing gel electrophoresis (data not shown). Alternatively, the observed difference in the level of nuclear IRF-3 following high-multiplicity infection could result from either LY294002-mediated retention of IRF-3 in the nucleus or prevention of a conformational change leading to the inability of the antibody to recognize IRF-3 under the conditions used.
To differentiate between these possibilities and determine if LY294002 affects IRF-3 dimerization upon virus particle entry, we performed native gel electrophoresis on cytoplasmic and nuclear extracts following high-multiplicity HCMV-UV infection in the presence or absence of LY294002. Consistent with immunofluorescence microscopy, HCMV virions induced IRF-3 dimerization and nuclear translocation within 4 h of infection in the presence or absence of the inhibitor (Fig. 7,  lanes 1 to 8) . Furthermore, at late times of infection, an overall decrease in the level of IRF-3 was observed, which was reproducibly more enhanced in the DMSO samples relative to the LY294002 samples. However, there was no significant difference in the relative amounts of IRF-3 within the cytoplasm or nucleus within either sample. Taken together, these data suggest that LY294002 does not affect the ability of incoming virions to elicit the dimerization or nuclear translocation of IRF-3 but may modulate, to some degree, subsequent modifications of IRF-3 that alter the conformation of the protein.
DISCUSSION
During virus infection, cells recognize different viral structures and viral life cycle events, leading to the activation and modulation of a multitude of signal transduction pathways. For example, TLRs recognize different pathogen-associated molecular patterns, leading to the production of type I IFN and/or proinflammatory cytokines (39, 43) . With respect to viruses, certain TLRs stimulate proinflammatory cytokines upon recognition of virion-associated proteins or genome-encoded CpG motifs while others stimulate IFN production in response to dsRNA (reviewed in references 5, 7, and 57). Cells are also able to recognize viral particle entry prior to uncoating or initiation of replication, with the nature of the response depending on the type of virus. For example, entry of nonenveloped adenovirus particles induces a proinflammatory cytokine cascade mediated by NF-B (37) whereas entry of enveloped virus particles induces an IFN-independent ISG response mediated by IRF-3 (5, 13, 46) . Cellular antiviral responses also differ depending on the cell type, as observed with virionassociated glycoprotein B (gB) of HCMV. In fibroblasts, gB triggers IRF-3-mediated ISG induction (6, 8) , whereas in peripheral blood mononuclear cells, gB triggers NF-B-mediated proinflammatory cytokine production (14) . Finally, within a given cell type, the MOI can modulate the nature of the resulting cellular response. In primary human fibroblasts, enveloped virus particle entry at a low multiplicity elicits an IFNindependent antiviral response, whereas at elevated multiplicities, IFN production is observed (P. Paladino, R. Noyce, and K. Mossman, unpublished data). Accumulation of dsRNA during lytic virus infection results in the activation of numerous cellular signal transduction pathways, leading to the activation of IRF-3, JNK, and p38 SAPKs (12, 27) , TLR-dependent (1) and TLR-independent (3, 61) pathways, culminating in IFN production and antiviral state induction. As well, it has recently been appreciated that the prototypic class I PI3K is necessary for full activation of IRF-3 leading to the induction of ISG56 in response to dsRNA, via activation of Akt (55) . Other signal transduction pathways become activated upon viral protein synthesis. For example, HCMV viral protein expression leads to PI3K (30), ERK 1/2 (51), and p38 (28) activation. Depending on the system studied, activation of these pathways has been shown to be critical both for the cell in mediating an antiviral response and for the virus in ensuring productive lytic infection. 7 . Treatment with the LY294002 inhibitor does not prevent dimerization of IRF-3 in response to enveloped virus particles. HEL fibroblasts were treated with HCMV-UV (MOI, 10 PFU/cell) in the presence and absence of the LY294002 inhibitor. Eight micrograms of cytoplasm-enriched (C) and 2 g of nuclear (N) extracts were separated by native polyacrylamide gel electrophoresis, followed by Western blot analysis with an antibody specific to the native conformation of IRF-3.
The focus of this study was to determine whether signal transduction pathways other than IRF-3 are essential for the immediate-early, IFN-independent antiviral response to enveloped virus particle entry. Although virion entry rapidly and transiently induced the activation of some of the pathways studied (e.g., ERK1/2), inhibition of these pathways had little to no effect on ISG and antiviral state induction, with the exception of LY294002. Although the JNK/SAPK inhibitor caused a decrease in the accumulation of ISG56 at the time point tested, it failed to prevent induction of an antiviral state in fibroblasts in response to enveloped virus particles. The inhibitor did, however, block production of IFN in response to treatment with poly(I-C) (data not shown), suggesting that the JNK/SAPK pathway may play a role in mediating IFN production as opposed to the IFN-independent antiviral response. Given that the JNK/SAPK inhibitor utilized in these studies is relatively new and not yet fully characterized, it remains to be determined whether JNK/SAPK plays a role, albeit nonessential, in the cellular response to virus particle entry. Studies are ongoing to address this issue.
The PI3 kinase family constitutes a large family of protein kinases that mediate a diverse array of intracellular pathways. With respect to virus infection, the prototypic class I PI3K is almost exclusively studied, and found to be activated by and important for, the replication of multiple viruses. Here, we found that targeted inactivation of the adaptor subunit of PI3K failed to block ISG accumulation or antiviral state induction following virion entry. This observation suggests that an alternate member of the PI3 kinase family is essential for virionmediated antiviral state induction. Two such members have been implicated in IRF-3 activation, DNA-PK and PAK1 (18, 32) , both of which can be inhibited by LY294002 treatment (26, 47, 48) . Of particular interest, DNA-PK has been shown to phosphorylate IRF-3 (32) , and the HSV-1 immediate-early protein ICP0, which we have shown blocks IRF-3 and IRF-7 activity (36), induces the degradation of DNA-PK (49). With primary MEFs harvested from mice lacking the catalytic subunit of DNA-PK, however, we found that this kinase is not essential for antiviral state induction mediated by virus entry. This result is in agreement with that of Melroe et al., who investigated immortalized glioma cells deficient in DNA-PK (40) .
Recently, PAK1 was shown to be upstream of TBK-1 and IKKε in the viral activation of IRF-3 (18) . Given that PAK1 is involved in modulating the cytoskeleton (22) , in conjunction with reports that herpesvirus particle entry induces cytoskeletal rearrangements (44, 52, 53) , we hypothesized that entry of enveloped virus particles may activate IRF-3 via PAK1. However, though expression of a dominant negative PAK1 construct caused cytoskeletal deregulation, there was no effect on ISG or antiviral state induction. It remains to be determined if cytoskeletal rearrangements mediated by virion particle entry play any role in activation of IRF-3 and an antiviral response.
Although dsRNA-mediated phosphorylation of IRF-3 requires PI3K and Akt activities, it is unclear whether the LY294002-sensitive PI3 kinase family member involved in antiviral state induction in response to virus particle entry functions within, or parallel to, the IRF-3 pathway. We have previously shown that induction of an antiviral response to enveloped particles in fibroblasts does not correlate with IRF-3 hyperphosphorylation and its subsequent degradation (13) . Thus, we set out to determine if LY294002 affects IRF-3 dimerization and/or nuclear translocation. Although neither dimerization nor nuclear translocation was blocked in the presence of the inhibitor, it appeared that LY294002 may modify, to some degree, conformational changes that occur in IRF-3 following its translocation into the nucleus. Whether this constitutes an additional posttranslational modification in IRF-3 or the ability of IRF-3 to interact with a nuclear cofactor(s) remains to be determined.
Taken together, the results of this study show that cellular responses to viral infections differ dramatically during the course of infection. While activation of signaling cascades involving ERK1/2, p38, JNK/SAPK, and the prototypic PI3K has been shown to be important for cells to respond to lytic virus infection, these pathways are not essential for the immediateearly response to virion entry. Entry does, however, result in the activation of IRF-3, leading to the induction of ISGs and an antiviral response in the absence of IFN production. Here, we provide evidence that a novel member of the PI3 kinase pathway that is sensitive to LY294002 is essential for this immediate-early response. While this kinase does not appear to function upstream of IRF-3, it is unclear whether it mediates its effects on IRF-3 following nuclear translocation or instead functions in parallel with the IRF-3 pathway. Given that the early interactions between a virus and its host mediate the outcome of a virus infection, particularly under conditions of low multiplicity that likely represent the nature of most biological infections, it is critical to understand these interactions. Current studies are thus focused on identifying and characterizing the LY294002-sensitive kinase along with its potential effects on IRF-3 nuclear events.
